Abstract -Network communications have been evolving with the rise of the Internet of Things (IoT). Low powered IoT devices, which consume less power, can be powered up using an energy harvesting system instead of batteries. Due to the wide availability of indoor lighting in offices, homes, factories, malls and hospitals, energy can be harvested through these sources. A photovoltaic panel that converts light energy into electrical energy is used to harvest the power from these indoor lighting. However, most manufacturers provide datasheet values only at limited values of illuminance. Thus, it is important to have an accurate model of photovoltaic panel that can predict and estimate its performance at all operating conditions. This paper presents the methodology for modelling an accurate Single Mechanism Five Parameter (1M5P) model for indoor light energy harvesting. The accuracy of the model is highly dependent on the parameter extraction technique used. A high accuracy technique for outdoor was adapted for the indoor application. An experiment was also undertaken to determine the equivalent irradiance for different values of illuminance. The proposed model was applied on a commercial PV panel and its I V and P-V curves were obtained. Then, a controlled experiment is carried out with the PV panel under the indoor light condition. The results for both the model and experiment were compared, and they were found to be in good agreement, thus validating the accuracy of the proposed model.
I. INTRODUCTION
The emergence of IoT has widely resulted in the ordinary systems being reformed to intelligent systems. Network communications have also improved rapidly with the development of low-powered IoT devices. These intelligent systems that consist of IoT devices allow data to be received, monitored, controlled and exchanged. The adoption of these devices has improved the daily life of mankind [1] [2] [3] .
Just like any other devices, IoT devices require power supply to operate. Currently, most of these devices are powered using batteries. Batteries are inexpensive and commercially available. However, the drawback of batteries is a short lifecycle. Due to this, IoT devices requires their batteries to be changed frequently, hence the usage of batteries is infeasible. Thus, the technology of environmental energy harvesting can be utilized to improve the sustainability of IoT devices without relying on the batteries [4] [5] [6] . Generally, IoT devices only require a small amount of power. They typically require power ranging from 0.18µW to 135mW [7] . So, the technology of harvesting energy from indoor light source can be implemented to power up IoT devices. These indoor lights can be conveniently obtained from places such as offices, homes, factories, malls and hospitals as they are widely available. Light is harvested using a photovoltaic (PV) panel.
Modelling of a photovoltaic panel should consider the potential losses of a photovoltaic panel. These potential losses can be calculated by adding unknown parameters to the ideal equivalent circuit model. Consideration of losses is important because it yields a highly accurate model of photovoltaic panel. A highly accurate model can aid in predicting and estimating the performance of a photovoltaic panel at all operating conditions. The accuracy of the panel can be determined by comparing the results obtained from the model to the results obtained from the experiment.
The rest of this paper is structured as follows. Section II describes the 1M5P model and its basic equations. In Section III, the related work is presented. Section IV presents the procedure for extracting the unknown parameters of the 1M5P model. Section V presents the validation of the model with experiment. Finally, Section VI concludes the work. For Nomenclature see Appendix.
II. 1M5P PV PANEL MODEL
An ideal single diode PV panel has an equivalent circuit model as shown in Fig.1 . The equivalent circuit model consists of a current source and a diode connected in parallel. This model is called the single mechanism, three parameters model (1M3P) [8] . The three unknown parameters in the ideal model are the diode ideality constant, α, diode reverse bias saturation current, Io and current generated from the light, Iph. The PV current of the ideal model, Ipv is written in Eq. (1) using Kirchoff's Law: The diode current, Id can be expressed using the Shockley diode equation as in Eq. (2), where V is voltage of PV panel, q is the charge of electron, N s is the number of cells connected in series, k is the Boltzmann constant, and T is the operating temperature.
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Eq. (2) is substituted into Eq. (1) for a complete equation to obtain the output current of the PV panel, Ipv.
The accuracy of the 1M3P ideal model can be improved by including the possible losses that are associated to the PV panel. Thus, resistances are added in series, Rs and in parallel, Rp as shown in 
Given that terminal voltage, , thus Eq. (5) can be simplified. Equation (6) is the complete 1M5P model equation.
(6)
The '-1' in Eq. (6) is usually neglected as the dark saturation in silicon is very small [9] . Yet to achieve a high accuracy model, it should be included. The remaining task is to extract the 1M5P's five unknown parameters.
III. RELATED WORK
According to [10] , 1M5P is the most promising model as it is simple, accurate and widely applied. The factor that differentiates this model to other models in the related work is the method of parameter extraction. Therefore, a comparative study will be performed to adapt the most suitable model for indoor application. The model will be implemented at all operating condition and its accuracy will be determined.
In [11] , the 1M5P model is applied for outdoor lighting using a polycrystalline PV panel through the Improved Parameter Extraction Technique (IPET). The open circuit point and short circuit point is used to extract the values of Iph and Io. Parameters Rs and Rp are obtained using the maximum power point. There were no parameters that were neglected in this procedure. Thus, all the losses were considered and the accuracy of the model was observed to be very commendable with the difference of only 2.61% in terms of power.
Next, in [12] an amorphous PV panel is used for indoor application at a range of 380 -1010 lux. The R p is assumed to be infinite. This is equivalent to the single mechanism, four parameters (1M4P) model, resulting in I pv being expressed by neglecting R p. It is also observed that the voltage-drop across the resistance in series, Irs to be very low compared to the voltage generated by the PV panel. Therefore, Irs is also neglected in the full characteristic equation of the model. The accuracy of this model was not reported but there is a possibility that the accuracy is affected due to the effect of neglecting both Rp and Irs, which excludes the potential losses.
In [13] , a monocrystalline PV panel was used for indoor lighting energy harvesting system. Similar to [11] , the parameters α, Io, Iph and Rs are obtained by through the open circuit point, short circuit point and maximum power point method. However, the value of R p in [13] was neglected. Thus, the accuracy of this model can be affected as it neglects the associated losses.
Another related study in [14] uses a monocrystalline PV panel to harvest energy from indoor lighting. The parameter extraction is performed using an empirical method. The procedure of extracting the parameters were guided by [15] . The mean absolute percentage error of the model at the maximum power point region is shown to be 2.07%, which is DOI 10.5013/IJSSST.a.19.05.03 3.3 ISSN: 1473-804x online, 1473-8031 print highly accurate. However, the empirical method requires the experimental set-up and tedious procedures. There is also the possibility of encountering human error during the experiment, which may affect its accuracy. Lastly, the proposed work in [16] uses an analytical method to yield Ipv similar to in Eq. (6). The I o and I ph are obtained using the same method as in [11] . An iterative method is needed to solve for the other parameters, thus, it is more complex. A simplified parameter extraction method is adapted from an empirical method using the Pspice circuitoriented model. R s and R p are obtained through an assumption and measured using the I-V curve. However, the accuracy of this model was not reported in the work.
From the above literature study, the analytical model for extracting the parameters in [11] is adopted in this paper due to its simplicity and high accuracy. The adopted model which is used for outdoor will be adapted correspondingly to an indoor application.
IV. PARAMETER EXTRACTION
The IPET parameter extraction method proposed in [11] is summarized in this subsection. The open circuit point and short circuit point are used to extract the values of Iph and Io. At Ioc = 0 and rearranging Eq. (6) yields I ph at STC as in Eq. (7) 1
In order to obtain I o , Eq. (7) and V sc = 0 is substituted into Eq. (6). In order to obtain Iph and Io at all operating condition, Eqs. (10) and (11) are applied [10] .
Parameters R s and R p are deduced using the maximum power point. Their respective equations are expressed in Eqs (12) and (13) Lastly, the α parameter value will influence the values of I o , I ph , R s and R p . Thus, α should be obtained as the first step of the parameter extraction by increasing its value from 0 as its actual value is when Rp is at its minimum positive value. Once all five parameters are found, the complete equation in Eq. (14) can be used to obtain the I-V curve of the modeled PV panel. 
Normally, the PV panels datasheet provide their performances at standard operating condition which is at 1000 W/m2. However, the irradiance of 1000 W/m2 is too high for an indoor condition. Indoor lighting conditions are usually measured by their illuminance. However, there is no straightforward conversion between irradiation to illuminance. Therefore, a conversion of illuminance to irradiation are required in order to adapt the model in [11] to indoor lighting conditions.
A simple experiment was carried out to form an equation to obtain the equivalent irradiance at different illuminances. A solarimeter that measures irradiance and a lux meter that measures illuminance was used in this experiment. First, the lux meter was placed at a surface with illuminance of 100 lux. Then the solarimeter is placed right next to the lux meter to read its corresponding irradiance at 100 lux. These steps were repeated with different illuminance until the illuminance is at 1000 lux. The obtained experimental data is fitted to a linear graph, as shown in Fig. 3 , and the straight-line equation obtained, in Eq. (15) . This equation then allows the conversion to determine the irradiance at any illuminance. For example, using it, an illuminance of 1000 lux is found to be equivalent to an irradiance of 9.582 W/m2. G=(0.008182 ×L)+1.4 Table I . Firstly, the parameter extraction was performed based on the datasheet values using the procedure described in Section IV. The extracted parameters of the AM-5902CAR panel are shown in Table II . The comparison of the model against experimental results is shown in Table III The model and experimental results are similar except the model's I sc value at 0 V, which is higher when compared to experimental value. Furthermore, the maximum power point obtained from both the model and experimental results can also be seen in the P-V curve. The I-V and P-V curves obtained from the model and the experimental results are observed to be at a satisfactory agreement. Indoor lighting can aid in powering up low powered IoT devices. These lightings provide power ranging from microwatt to miliwatt that can be harvested using PV panels. However, most manufacturers provide datasheet values only at limited values of illuminance. Thus, modelling of PV panels under indoor lighting is beneficial in predicting and estimating its performance at all operating conditions. With the developed model presented in this paper, engineers and designers would be able to determine the performance of the considered PV panel before implementation.
